Objectives: Peroxisome proliferator-activated receptor g coactivator 1 (PPARGCA1, PGC-1) transcriptional coactivators control gene programs important for nutrient metabolism. Islets of type 2 diabetic subjects have reduced PGC-1a expression and this is associated with decreased insulin secretion, yet little is known about why this occurs or what role it plays in the development of diabetes. Our goal was to delineate the role and importance of PGC-1 proteins to b-cell function and energy homeostasis.
INTRODUCTION
The peroxisome proliferator-activated receptor g coactivators-1a and b (PGC-1a and PGC-1b) have gained notoriety as important players in the development of diabetes due to altered expression in highly oxidative tissues (i.e. muscle, brown fat, liver) in patients [1e4] . Decreased Pgc-1a mRNA expression in peripheral organs like liver and muscle is associated with insulin resistance and glucose intolerance [2, 5] , and a gene variant of PGC-1a (Gly482Ser) correlates with increased diabetes risk in various human populations [6, 7] . PGC-1a and PGC-1b are transcriptional co-activators that regulate activity of multiple transcription factors including nuclear respiratory factor 1 (NRF1), estrogen related receptor a (ERRa) and peroxisome proliferator-activated receptors (PPAR) and are known to amplify expression of an extensive gene program controlling mitochondrial function and integrity [4, 8] . Reducing Pgc-1a specifically in rodent liver, muscle or adipose tissue can cause insulin resistance and glucose intolerance [8e12] . Pgc-1a expression is significantly decreased in islets of type 2 diabetic subjects, correlating with decreased insulin secretory capacity [13] . However, it is not known whether low levels of PGC-1s directly contribute to b-cell dysfunction and loss, two hallmarks of diabetes.
A number of studies implicate PGC-1a as an important mediator of bcell function. Pgc1a expression in b-cells is induced by extracellular signals including both facilitators of glucose-stimulated insulin secretion (GSIS), such as glucagon-like peptide-1 and cAMP [14] , and stressors that impair b-cell function including glucocorticoids, streptozotocin, cold exposure, obesity, and glucolipotoxic conditions [14e 17]. Pgc-1a levels are decreased in islets or cultured b-cells exposed to high glucose concentrations and knockdown of PGC-1a in human islets decreases GSIS [13] , suggesting a mechanistic link between low PGC-1a expression and efficient insulin secretion. Paradoxically, overexpression of Pgc-1a in primary rat islets [15, 18] has also been shown to blunt insulin secretion; yet in vivo studies 1 demonstrate this may only be the case when the coactivator is increased in b-cells during pancreatic development [17] . Very little is known about the role of the structurally related PGC-1b in b-cells, although it has also been suggested to play an inhibitory role on insulin secretion [16] . Taken together, these data demonstrate a clear importance for PGC-1 co-activators in b-cell function; yet, molecular pathways linking PGC-1 activity to GSIS are not understood and it remains unclear whether decreased PGC-1 expression in adult b-cells, as seen in diabetic subjects, augments the development and/or progression of b-cell dysfunction towards diabetes. b-cell mitochondrial dysfunction is thought to play a key role in the pathogenesis of diabetes, as ATP production is necessary for optimal fuel-stimulated insulin secretion [19, 20] . b-cells of human diabetic islets exhibit decreased hyperpolarization of mitochondrial membranes and altered internal mitochondrial structure [21] , but it is still not clear whether mitochondrial alterations are directly linked to b-cell failure.
Given the extensive characterization of PGC-1a and -1b as master regulators of mitochondrial function, we hypothesized that decreased PGC-1 expression in adult b-cells would reduce mitochondrial oxidative capacity leading to impaired GSIS. Using an inducible b-cell specific PGC-1 knockout mouse model, we reveal an unexpectedly minor role for PGC-1s in maintaining b-cells mitochondrial mass and function. Also, we identify PGC-1s as essential for the potentiating action of fatty acids on glucose-stimulated insulin release and for maintaining expression of key lipolytic enzymes linked to insulin secretion within mature b-cells.
RESEARCH DESIGN AND METHODS
2.1. Generation of MIP-CreERT:mT/mG and b-cell-specific Pgc-1a/ b knockout mice Hemizygote MIP-CreERT [22] and mT/mG mice [23] were crossed to generate MIP-CreERT:mT/mG mice. Mice carrying floxed Pgc-1a [9] and Pgc-1b alleles [24] , interbred to generate Pgc-1a /b (fl/fl) :MIP-CreERT males were bred once with C57Bl/6J and interbred to eliminate floxed alleles. Unless specified, all mice were gavaged at six weeks of age for ten days with 100 mg/kg of tamoxifen (Sigma) in 0.5% methylcellulose/H 2 O. Mice were maintained on a 12 h dark/light cycle and given free access to water and standard laboratory chow (Teklad diets 2018). All animal procedures were approved by Animal Care Committee of the IRCM.
Histology of mT/mG:MIP-CreERT mice
All organs were frozen in OCT using isopentane, and frozen sections were visualized by fluorescence microscopy. 14 C] oleic acid (17 pmol; Perkin Elmer). Lipids solubilized in chloroform were resolved by TLC as described [27] . Total Acyl-Glycerols: Measured in primary islets, as previously described [28] . Briefly, batches of 130e200 freshly isolated primary islets were subject to chloroform:methanol (2:1 vol:vol) extraction, dried material resuspended in isopropanol, and acyl-glycerol content measured by colorimetric assay (Sigma). were stained with H&E and area of individual circled islets calculated using Matlab. b-and a-cells were stained using anti-insulin (1:100, Dako) or anti-glucagon (1:50, Sigma). EM: whole islets were fixed and embedded in Epon. Thin sections (60 nm) were viewed by Tecnai 12 transmission electron microscope at 120 kV. Mitochondrial surface area was calculated from 250 single mitochondria (w30 b-cells).
Islet isolation

Statistical analysis
Data comparing only two groups were analyzed by student t-tests, corrected for multiple comparisons (SidakeBonforroni) (*p < 0.05, **p < 0.01, ***p < 0.001). Normality was determined by Shapiroe Wilk test. For data sets with two variables or multiple measurements, two-way ANOVA followed by post-hoc analysis (HolmeSidak or Fisher's LSD test) determined significance of individual points. Analysis performed using GraphPad Prism. Unless indicated, values are mean AE SEM.
RESULTSS
3.1. PGC-1s are increased in islets following short-term exposure to glucose or palmitate Pgc-1a expression is altered in islets and b-cells by chronic exposure to glucotoxic or lipotoxic conditions [14] ; however, it is unknown whether physiological changes in nutrients also regulate Pgc-1s. We found that acute (1 h) treatment of human ( Figure 1A ) or mouse islets ( Figure S1A ) with glucose or palmitate caused significant increases in Pgc-1a and/or Pgc-1b mRNA, while mRNA levels of PGC-1 related coactivator 1 (Prc) [30] remained stable ( Figure 1A , S1A). We and others have shown that Pgc-1a exists as multiple variants due to alternative promoter usage and splicing [31] . Subgroups of known variants were similarly increased in response to high glucose and glucose/palmitate in human ( Figure S1B ) and mouse (data not shown) islets. We also noted that activation of adenylyl cyclase activity by forskolin significantly increased total PGC-1a and all PGC-1a variant mRNAs in primary human and mouse islets ( Figure S1C, D ), yet only PGC-1a1 and PGC1a4/NT proteins were detectable by Western blot ( Figure 1B , S1E). PGC-1b can functionally overlap with PGC-1a in many ways [32e34] and may compensate for reduced PGC-1a in vivo [12, 24] . Consistent with this, knockdown of either Pgc-1a or Pgc-1b in cultured INS1 bcells increased mRNA expression of the other ( Figure S2 ). Thus, to fully elucidate the functional role of PGC-1s in adult b-cells, we simultaneously reduced both Pgc-1a and Pgc-1b in mature b-cells of mice to determine their role in mitochondrial metabolism, endocrine function, and whole body glucose homeostasis.
3.2. bPgc1 KO mice have reduced Pgc-1a/b expression specifically in islets b-cell function and mass in adult mice is negatively impacted by overexpression of Pgc-1a during embryonic development [17] . Thus, to determine effects of reduced PGC-1 activity in adult b-cells while avoiding potentially confounding developmental issues, we used mice with tamoxifen-inducible b-cell-specific Cre-recombinase activity (MIP-CreERT 1Lphi ) [22] . To confirm that recombination was restricted to the islet and was tamoxifen-dependent, we introduced a double fluorescent reporter (mT/mG) [23] that expresses red fluorescent protein (tdTomato) constitutively until Cre-recombinase-mediated gene excision replaces the signal with green-fluorescent protein (GFP). In islets, no GFPþ cells were detected in mT/mG reporter mice lacking the MIP-CreERT transgene ( Figure S3A) . A very low level of spontaneous recombination in double-transgenic mT/mG:MIP-CreERT mice was observed in the absence of tamoxifen ( Figure S3B) ; however, following tamoxifen, the majority of islet cells in mT/mG:MIP-CreERT mice were GFPþ ( Figure S3C ). This is in accordance with recent reports demonstrating an efficiency of more than 90% in b-cells using this MIP-CreERT line [22, 35] . Additionally, no GFPþ cells were detected in liver, spleen, muscle, kidney, testes ( Figure S4 ) or various nuclei within the central nervous system [36] . These results demonstrate the tightly controlled and highly islet-specific activity of Crerecombinase activity in MIP-CreERT mice. Five weeks following tamoxifen administration, Pgc-1a fl/fl /b fl/fl :MIPCreERT (bPgc1 KO) mice had w80% reduction in both Pgc-1a and Pgc-1b mRNA ( Figure 1C ) and almost complete ablation of all PGC-1a proteins in isolated primary islets compared to Pgc-1a fl/fl /b fl/fl (WT fl/fl) controls ( Figure 1B) . Despite extensive testing, we have yet to find a commercially available antibody that recognizes endogenous PGC-1b protein by Western blotting in tissue including islets, adipose, liver, or muscle (data not shown). We also noted that while total Pgc-1 mRNAs were at appreciable levels in all conditions tested, PGC-1a proteins were difficult to detect in untreated primary islets, yet significantly increased by cAMP ( Figure 1B, S1E) , similar to what has been shown in mouse liver [9] . This may be due to the low sensitivity of PGC-1a antibodies in general [31] , but also demonstrates the highly inducible and regulated nature of this protein. mRNA expression of the coactivators was unchanged in cortical brain, liver, muscle or white adipose tissue ( Figure 1D ) confirming tissue-specificity of gene ablation. In contrast, we noted modest yet significantly increased Pgc-1a and
Pgc1b levels in the ventromedial hypothalamus of bPgc1 KO mice ( Figure 1D ), highlighting the possibility of pancreas-CNS crosstalk in this model. During the course of these studies, we identified that MIP-CreERT mice artifactually express human growth hormone (hGH) in islets [36] . While this remains an important caveat for aspects of this study, we report here only PGC-1-dependent effects confirmed in gain/loss of function experiments in cell models and unchanged in MIP-CreERT control islets and mice.
Loss of b-cell PGC-1 expression decreased glucosestimulated insulin secretion in vivo
When challenged with oral glucose, mice lacking PGC-1s in b-cells had significantly reduced in vivo insulin secretion after five minutes (first phase), followed by a prolonged plateau of plasma insulin producing an area under the curve similar to controls (Figure 2AeB ). Despite lower GSIS, body weights, fasting insulin, and fasting/refed blood glucose levels were not significantly different (Figure 2CeE ) and glucose tolerance was identical to controls ( Figure 2F ). Insulin sensitivity was also similar, but trended upward in bPgc1 KO mice ( Figure 2G) . In concurrent experiments, we previously demonstrated that chow-fed MIP-CreERT mice on an identical genetic background (Cre-only controls) exhibit no differences in whole body glycemia, glucose-stimulated insulin secretion, glucose tolerance, or insulin sensitivity compared to WT littermates [36] .
During a hyperglycemic clamp to assess b-cell function in vivo, the glucose infusion rate required to maintain glycemia at w15 mM was similar in WT fl/fl and bPgc1 KO mice (Figure 2HeI ). Similar to results following the oral-glucose challenge, bPgc1 KO mice had significantly decreased insulin secretion throughout the clamp in both first and second phases (Figure 2JeK ). Serum C-peptide levels were also decreased ( Figure 2L ), while insulin release in response to arginine (a non-nutrient-dependent secretagogue) was unaltered ( Figure 2M ). M/I index (an indirect measure of whole body insulin sensitivity) and insulin clearance were similar (Figure 2NeO ). M/I index may be more appropriately calculated during a hyperinsulinemic-euglycemic clamp; however, these data in combination with the normal insulin tolerance and clearance ( Figure 2G , 2O) suggest that normoglycemia in bPgc1 KO mice was not the result of large adaptive changes in peripheral insulin sensitivity. Taken together, these data demonstrate that b-cell PGC-1s
are essential for efficient glucose-stimulated insulin secretion in vivo. 3.4. bPgc1 KO islets have normal mitochondrial mass and function in response to glucose No differences were detected in islet morphology, insulin or glucagon staining, or islet area in WT fl/fl versus bPgc1 KO mice (Figure 3AeC) . A trend toward increased total islet mass in bPgc1 KOs was noted ( Figure 3C, inset) ; however, we have observed a similar increase in mice carrying only the MIP-CreERT transgene [36] . mRNA expression of multiple factors essential for adult becell differentiation and function, including MafA and Pdx1, were unaltered ( Figure 3D ). As PGC-1s are important for mitochondrial dynamics, biogenesis, and oxidative phosphorylation in many tissues [4] , we investigated whether these parameters were altered by concurrent loss of both PGC-1s in adult bcells. Mitofusin (Mfn) and optic atrophy 1 (Opa1) mRNAs were similarly expressed, and, although there was a significant decrease (28%) in Dynamin-related protein 1 (Drp1) ( Figure 4A ), there were no differences in total mitochondrial mass in dispersed primary islets ( Figure 4B ) or cross-sectional area of individual mitochondria measured by electron microscopy ( Figure 4CeD ). Islets of MIP-CreERT control mice also have normal architecture [36] and no alterations in mitochondrial gene expression, mass or morphology ( Figure S5AeC) . Surprisingly, only a small subset of canonical PGC-1-responsive mitochondrial genes were significantly decreased in bPgc1 KO islets, including succinate dehydrogenase (Sdh e complex II), multiple components of the ATP synthase (Atp5b, Atp5e and Atp5j2 e Complex V), and the nuclear transcription factor Erra (Figure 4EeF ). These genes were unaltered in MIP-CreERT control islets ( Figure S5C ). Consistent with normal mass and only modestly decreased ETCcomponent gene expression, mitochondrial oxygen consumption rate (OCR) in response to increased glucose (11 mM), oligomycin (ATPcoupled), FCCP (maximal respiratory capacity), and rotenone (nonmitochondrial respiration) were similar between WT fl/fl and bPgc1 KO islets ( Figure 4G ). In addition, ATP production in dispersed bPgc1 KO islets stimulated with glucose were similar to WT fl/fl controls ( Figure 4H ). These results illustrate that PGC-1s are largely dispensable for mitochondrial content and glucose-stimulated oxidative capacity in adult b-cells.
Primary islets with reduced PGC-1s exhibit decreased fattyacid potentiated insulin secretion and mitochondrial respiration
We next assessed whether decreased GSIS in bPgc1 KO mice was cell-autonomous. Interestingly, we found that primary islets of WT fl/fl and bPgc1 KO mice had similar insulin secretion in vitro in response to 16 mM glucose alone, while the potentiation of insulin secretion that is normally observed during co-stimulation with glucose and palmitate was essentially absent in bPgc1 KO islets ( Figure 5A ). This difference was not the result of decreased exocytotic capacity or islet insulin content (Figure 5BeC ). Importantly, primary islets of MIPCreERT mice showed no differences in insulin secretion in response to glucose, palmitate, or KCl compared to WT fl/fl littermates ( Figure S6AeC) . Similarly, mitochondrial OCR potentiated by concurrent high glucose and fatty acid ( Figure S7 ) was significantly blunted in bPgc1 KO islets ( Figure 5D ), and stimulated ATP levels trended lower ( Figure 5E ) in this condition. Taken together with in vivo data, we concluded that PGC-1s are required for efficient insulin secretion, possibly due to novel roles in b-cell lipid sensing or metabolism. bPgc1 KO mice fed a HF/HS diet for 20 weeks had similar body weights ( Figure 8A ). Consistent with a defect in b-cell glycerolipid catabolism, primary islets of bPgc1 KO mice on a HF/HS diet had higher acyl-glycerol levels ( Figure 8B ). As in chow fed-mice, bPgc1 KO mice exhibited significantly decreased in vivo GSIS during an OGTT ( Figure 8C ), with the area under the curve now significantly lower than controls ( Figure 8D ). Fasting insulin and glucose were unaltered (Figure 8EeF ). Despite the decrease in GSIS and increased b-cell acylglycerol levels, we did not observe measurable differences in whole body glucose or insulin tolerance (Figure 8GeH ).
DISCUSSION
Using in vivo b-cell specific knockout mice and in vitro cell models, we demonstrate that b-cell lipid metabolism is disrupted by loss of PGC- Original article HSL. Interestingly, the increased lipid accumulation and decreased insulin secretion resulting from PGC-1 loss are not sufficient to impair whole body glucose tolerance in lean or obese mice. In general, Pgc-1a gene expression is highly inducible [1] , while fewer stimuli have been found to significantly impact Pgc-1b expression [42] . We demonstrate here that both Pgc-1a and Pgc-1b expression in islets is acutely responsive to high glucose and palmitate, suggesting an important role for these coactivators in linking extracellular nutrient signals to transcriptional control of metabolism and b-cell function. We were surprised to observe that unlike in heart and skeletal muscle [24, 43] , loss of both PGC-1a and PGC-1b expression in adult mouse b-cells did not significantly disrupt basal mitochondrial content or function. In vitro, glucose-stimulated oxygen consumption and GSIS were normal, implying that mitochondrial activity in the absence of PGC-1s is sufficient under these conditions. We focused on PGC-1a/b as dysregulation of these genes is observed in obesity and diabetes [13,44e48] ; however, b-cells may rely on the related PRC co-activator for maintenance of basal oxidative capacity [30] . Prc was expressed at similar levels in islets, yet, unlike Pgc-1a or -1b, was not regulated by glucose or palmitate. Future work to determine over-lapping versus tissue-specific roles for distinct PGC-1 family members may shed light on this question. To our knowledge, this is the first study to induce loss of PGC-1s in adult mice, which could explain the lack of a significant mitochondrial phenotype. PGC-1a/b loss during murine cell development and differentiation [10, 11, 43] could affect early b-cell mitochondrial formation and subsequent metabolism. Thus, it remains to be established whether PGC-1s in b-cells (and/or other tissues) ensure maturation of the mitochondria during development, but are largely dispensable for mitochondrial function and maintenance in differentiated cells. Our data suggest that decreased nutrient-stimulated insulin secretion associated with low PGC-1 stems from altered intracellular lipid metabolism. In PGC-1 deficient islets, significantly blunted insulin secretion and mitochondrial OCR were only observed following cotreatment with high glucose/palmitate. While this may seem paradoxical in light of intact lipid oxidation, the acute, palmitate-potentiated O 2 consumption and GSIS were measured in the presence of high glucose, an environment in which oxidation is effectively repressed by high malonyl-CoA ( Figure 6C ). The decrease in OCR could be explained by the specific sensitivity of ETC complex II (Sdh) to PGC-1 loss. Thus, CO 2 produced during oxidation could be normal, while the succinate and FADH 2 generated is inefficiently processed through the ETC, leading to lower ATP production under high glucose/palmitate conditions. This may also contribute to the greater decrease in GSIS observed in HF/HS-fed mice ( Figure 8C, D) . In addition to reduced energy production by fatty acids, key lipolytic enzymes linked to insulin secretion were significantly decreased in bPgc1 KO islets. Metabolism of acyl-glycerols is coupled to insulin secretion in b-cells and increased intracellular triglycerides inhibit GSIS [38, 49, 50] . Hsl and Atgl expression was increased by ectopic PGC-1a1 and PGC-1b in b-cells, and protein expression was significantly reduced when PGC-1s were absent, implicating these rate-limiting lipolytic enzymes as important downstream effectors of PGC-1 transcriptional activity in b-cells. ATGL and HSL are essential for efficient insulin secretion in mouse islets [41,50e53] and their loss disrupts acyl-glycerol and cholesterol hydrolysis [41, 50, 52, 54] , corresponding well with both lipid accumulation and GSIS data in islets lacking PGC-1s (even in the absence of additional exogenous lipid). Interestingly, ATGL was recently shown to promote PGC-1a signaling by increasing SIRT1 deacetylase activity [55] , implying the existence of a feedback mechanism to enhance lipid catabolism in times of energy demand. We also found Mgll, an enzyme responsible for the hydrolysis of MAG, was not augmented by increased PGC-1 in INS1 cells, yet its expression was increased in b-cells lacking the coactivators. This seemingly compensatory response in bPgc-1 KO islets may reflect upregulation of other lipolytic enzymes to metabolize accumulating acyl-glycerol pools in vivo following long-term coactivator loss. This is supported by our data in INS1 cells demonstrating that only TAG and DAG were increased following short-term PGC-1s knock-down ( Figure S9 ). Recently, it was shown that certain MAG species stimulate GSIS by promoting insulin granule exocytosis via Munc13-1 [56] . Thus, it would be interesting to determine if loss of PGC-1s alters the identity and/or relative proportion of different acyl-glycerol species in b-cells. Furthermore, since we observed normal GSIS in bPgc-1 KO islets following stimulation with glucose alone in vitro, it is possible that production of MAG is maintained by upregulation of MGLL or other lipases (i.e. ABHD6), yet fatty acid-potentiation of GSIS is dependent on mechanisms not compensated for in our PGC-1s loss-of-function model. An important aspect of this work was to address whether reduced PGC-1 expression in patients might play a role in the development or pathophysiology of diabetes. Despite disruption of insulin secretion and islet lipid accumulation in chow-and high fat/high sucrose-fed mice, bPgc-1 KO mice had normal glucose tolerance. This may not be unexpected in light of models demonstrating that significantly larger reductions in GSIS (50e75% reduction in insulin gene expression) have no significant effect on glucose tolerance, even in obese mice [57] . However, long-term accumulation of potentially toxic intermediate lipid species (i.e. DAG and CE) in cells with low PGC-1 could have detrimental effects on b-cell survival and/or function [58, 59] that may be revealed under other metabolic challenges (i.e. ageing). This implies that while reduced b-cell PGC-1a observed in islets of diabetic patients [13] may be sufficient to disrupt b-cell function, this likely acts in concert with other metabolic disruptions to drive hyperglycemia associated with type 2 diabetes. For example, decreased GSIS and lipid metabolism resulting from low b-cell PGC-1 could exacerbate effects of reduced PGC-1a expression in other tissues, which include insulin resistance [9e12] and decreased cardiac function [24] . This is important to note, as alterations of PGC-1 (PPARGC1A) at the genomic level via SNPs [6, 7] and/or epigenetic modifications [13, 60] are associated with metabolic disease.
In conclusion, we demonstrate that the PGC-1s are essential, inducible regulators of fatty acid-stimulated insulin secretion in mature b-cells and that low levels of the coactivators disrupt b-cell lipid catabolism.
Thus, restoration of PGC-1 activity may prove beneficial to improve the health and integrity of b-cells in metabolic diseases including diabetes.
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